Noninvasive brain stimulation using focused ultrasound has many potential applications as a research and clinical tool. Here, we investigated the effect of focused ultrasound (FUS) combined with systemically administered microbubbles on visual-motor decision-making behavior in monkeys. We applied FUS to the putamen in one hemisphere to open the blood-brain barrier, and then tested behavioral performance 3-4 hours later. On days when the monkeys were treated with FUS, their decisions were faster and more accurate than days without sonication. The performance improvement suggested both a shift in the decision criterion and an enhancement of the use of sensory evidence in the decision process. FUS also interacted with the effect of a low dose of haloperidol. The results suggest that a two-minute application of FUS can have a sustained Focused ultrasound enhances sensorimotor decision-making in monkeys 2 impact on performance of complex cognitive tasks, and may increase the efficacy of psychoactive medications. The results lend further support to the idea that the dorsal striatum plays an integral role in evidence-and reward-based decision-making.
Introduction
Brain stimulation is an essential tool for investigating causal brain-behavior relationships, mapping brain Tactile discrimination was enhanced during FUS stimulation of the somatosensory cortex in human subjects, while overall mood improved when the frontal-temporal cortex was stimulated with FUS (Hameroff et al 2013, Legon et al 2014) . Lee et al (2016) were able to evoke visual phosphenes and concomitant EEG activity. Further investigation using different species, brain targets, behavioral tasks, and FUS methodologies is warranted to establish the effectiveness and range of applications for this approach. Here, we consider whether FUS with microbubbles has an effect on the performance of a complex cognitive task 3-4 hours after treatment.
Focused ultrasound enhances sensorimotor decision-making in monkeys 3 FUS with microbubbles can increase the permeability of the BBB, which remains open for up to 48 hours after treatment (Marquet et al 2014) , raising the possibility that cognitive or behavioral changes might occur during this time period. In the current study, FUS was applied to the putamen, a part of the basal ganglia involved in cognition, reward, and movement control. We sought to devise a behavioral paradigm that would be sensitive to changes in perception, motor performance, decision-making and motivation. We therefore trained monkeys to perform a perceptual decision-making task using a touchpanel display. Monkeys learned to perform the task with either hand, and had to alternate hands during the experiment. The task involved the detection of coherent visual motion (Lappin and Bell, 1976) and also included a reward manipulation to test motivation. The advantage of this task is that it allows quantitative measures of response time and accuracy for effectors both ipsi-and contralateral to the FUS intervention. Such measures have been used to develop sophisticated computational models of decisionmaking in several species including humans and monkeys (Stone, 1960; Ratcliff, 1978) .
Electrophysiological studies point to a critical role of the striatum (caudate and putamen) in similar tasks (Ding and Gold, 2013 ).
We used the coherent motion detection task to investigate the effect of FUS on decision-making and motor performance. Rhesus monkeys were treated with FUS and intravenous microbubbles to open the BBB and then tested behaviorally 3-4 hours later. The current study also investigated the interaction of FUS with a low dose of the D2 dopamine antagonist haloperidol, as this technique could be used to non-invasively facilitate drug effects while minimizing side effects, or to deliver drugs that cannot cross the intact BBB.
On days when the monkeys received the FUS with microbubbles treatment, their decisions were faster and more accurate compared to days without sonication. Overall, response times were faster for the hand contralateral to the sonicated hemisphere than for the ipsilateral hand. A threshold dose of haloperidol alone reduced response time, but impaired accuracy. FUS with microbubbles enhanced the accuracy reduction and partially reversed the response time reduction. These results indicate that FUS Focused ultrasound enhances sensorimotor decision-making in monkeys 4 with microbubbles can be used alone or in combination with psychoactive drugs to modify performance on complex tasks.
Methods
All procedures with monkeys were approved by the Institutional Animal Care and Use Committees (IACUC) of Columbia University and the New York State Psychiatric Institute (NYSPI). Two adult male Macaca mulatta (N, O) were used in all experiments (9 and 20 years old, 5.5 and 9.5 kg). The monkeys were surgically naïve and underwent no procedures during the course of these experiments other than those described below. Monkeys were provided daily rations of vitamin enriched dry primate biscuits, as well as enrichment toys and allowed access to play modules. Monkeys were trained using operant conditioning to perform a visual-motor decision-making task using a touchpanel display. Prior to data collection, monkeys were trained for several months until they reached asymptotic performance. On behavioral testing days, monkeys performed the task for fluid reward until satiated. After behavioral testing, Monkeys were given a fruit treat (banana, apple, or orange). On days when behavioral testing was not conducted, monkeys were given a liter of water.
Focused Ultrasound and Drug Delivery
On selected days, monkeys received a FUS with microbubble treatment 3-4 hours prior to behavioral testing. For the FUS procedures, subjects were sedated with ketamine (10 mg/kg) and atropine (0.04 mg/kg) and placed into a stereotaxic positioning frame under general anesthesia (isoflurane 1-2%) to ensure accurate targeting. Microbubbles (4-5 um, in-house prepared) were administered intravenously at the onset of the FUS application (single element transducer, 500 kHz, 400 kPa, 10 ms pulse length, 120 second duration; H-107, Sonic Concepts, WA, USA) (Feshitan et al 2009) . The putamen region of the basal ganglia was targeted for all experiments. Throughout the procedure, vital signs were continuously monitored (heart rate, SPO2, mean arterial pressure, respiratory rate and end tidal CO2). After the FUS Focused ultrasound enhances sensorimotor decision-making in monkeys 5 procedure there was a 3 to 4 hour recovery period allowing the monkeys to fully recover from anesthesia.
After the recovery period they showed normal alertness, appetite and mobility as evidenced by their ability to walk, climb and consume food.
Haloperidol, a D2 dopamine receptor antagonist (R&D Systems, Inc., Minneapolis, MN), was used during some sessions to augment neuromodulation. Haloperidol powder was dissolved in saline and titrated to the concentration of 0.01mg/kg. On selected days, before the task began, monkeys were administered either saline or haloperidol (0.01mg/kg) intramuscularly. The injection was given 5 minutes prior to the start of behavioral testing. The threshold dose of haloperidol was determined as the maximum dose that had a minimal effect on behavioral results when the BBB was intact. The timing of events during the FUS procedure, recovery, drug injection and behavioral testing is shown in figure 1A . Only the yellow bars and dot stimulus were visible to the monkey, not the blue arrow, dashed line, or hand symbol, which are used here to indicate the motion of the dots, the physical barrier separating the two halves of the screen, and the manual response, respectively. The orientation of the cue and targets indicated the size of reward (1 or 5 drops of water.)
MRI Analysis
One day after the FUS procedure, BBB opening and safety was verified with contrast enhanced T1- Focused ultrasound enhances sensorimotor decision-making in monkeys Focused ultrasound enhances sensorimotor decision-making in monkeys 8 instructed the monkeys when to respond; rather, they were allowed to touch at any time after the motion stimulus and targets appeared.
To test motivation, the experiment included two reward sizes, one of which was chosen randomly on each trial: small offered reward (1 drop of water, 0.03 ml) and large offered reward (5 drops, 0.15 ml).
Offered reward level on each trial was signaled by the orientation of the cue and target stimuli. Horizontal orientation indicated large reward, vertical indicated small reward.
One seventh of the trials were controls that were identical to the other trials except that the target for the incorrect response was not presented. On these trials, the monkey could ignore the motion stimulus and simply touch the correct target to receive a reward. The purpose of these trials was to assess movement accuracy and response time when no decision was required. Focused ultrasound enhances sensorimotor decision-making in monkeys
where p is the probability of a correct outcome, the xi are the explanatory variables, and the βi are the regression coefficients. The explanatory variables used in all analyses were: subject (N, O), motion coherence (0 to 0.7, 8 levels), offered reward (1 or 5 drops), presence of sonication, sonicated hemisphere (ispsilateral or contralateral to responding hand), and drug treatment (saline or haloperidol).
Results

Effects of FUS on blood-brain barrier
The BBB was targeted in the putamen region of the basal ganglia for all FUS procedures. In figure 2 , the red/yellow areas specify where the contrast agent was able to pass into the parenchyma, indicating successful BBB opening. The blue shaded regions indicate the region targeted by the FUS transducer. All openings achieved within this study fell inside the targeted region and no untargeted BBB openings were observed. No damage from the FUS procedure was detected; T2-weighted MRI and susceptibilityweighted imaging scans were used to detect edema but did not display any hyper-or hypointense voxels in the targeted regions.
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Effects of FUS on decision-making performance
Reward and decision uncertainty are thought to engage the dorsal striatum (Ding and Gold Focused ultrasound enhances sensorimotor decision-making in monkeys
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Behavior was quantified in terms of response time, touch accuracy, and decision accuracy.
Response time was measured as the interval between motion stimulus/target onset and the first touch.
Touch accuracy was the distance from the center of the target to the point of first contact registered by the touchpanel. Decision accuracy was measured as the percent correct choices relative to total correct and incorrect responses. Results for the two monkeys were qualitatively similar, except that monkey N (the younger of the pair) tended to respond faster and more accurately overall.
Each trial began with the presentation of a cue stimulus ( Figure 1B) , which the monkey could touch to proceed with the trial. The response time and spatial topography of this initial touch provide an indication of whether any of the experimental manipulations resulted in a simple motor deficit. Touch error was quantified as the spatial dispersion of the initial touches about their mean as well as the radial distance from the center of the cue to the location of the first touch. Figure 3A shows the two cue locations and the initial touch locations, separated by sonication condition. The centroid of each ellipse is the mean touch location and the size of the ellipse is proportional to the dispersion about the mean (standard deviation). Although there were small systematic differences between conditions, the touches were tightly clustered in all conditions, providing evidence that touch accuracy was unimpaired by sonication. sessions. Explanatory variables were subject, offered reward (rew), sonication (sono), and haloperidol (drug). Reward, sonication and haloperidol were nested within subject. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001
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Response time was defined as the period between the appearance of the cue and the first contact registered by the touch panel. The response time distributions are shown in figure 3B , sorted by sonication condition. Sonication was associated with slower responses overall, but this was mainly due to slowing for the ipsilateral hand (32 ms), while responses with the contralateral hand were slightly faster on days with sonication than days without. When the cue indicated a large reward, responses were ~50 ms faster than for small rewards ( Figure 3C and Table 1 ).
After the cue was touched, there was a short, random delay and then the motion stimulus appeared together with the response target(s). On one-seventh of the trials there was only one response target whose location was congruent with the motion direction. Therefore these trials did not require a Focused ultrasound enhances sensorimotor decision-making in monkeys 14 decision. The motor error ( Figure 3D ) for single target touches tended to be only slightly larger than for cue touches ( Figure 3A ). Mean response time ( Figure 3E ) was affected by sonication, with the largest effect being a significant slowing for touches with the hand ipsilateral to the sonicated hemisphere. With sonication, the average response time with the contralateral hand (735 ms, n=1093,) was significantly faster than with the ipsilateral hand (772 ms, n=1103 t-test p<0.0001.) Responses were also significantly faster when a large reward was available and this effect interacted significantly with sonication ( Figure   3F .) Statistical results (ANOVA and GLM) are given in Table 2 .
One Target RT (n = 4243 trials) Two Target RT (n = 31869 trials) Table 2 . Multivariate ANOVA and GLM analysis of response time for all sessions. Explanatory variables were subject, motion coherence (coh), offered reward (rew), sonication (sono), and haloperidol (drug). Coherence, reward, sonication and haloperidol were nested within subject. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001
Trials with two response targets required a decision, and, therefore, both decision accuracy (percent correct) and response time were analyzed. Decision accuracy improved with increasing motion Focused ultrasound enhances sensorimotor decision-making in monkeys 15 coherence (Table 2 and Figure 4A ). The psychometric function was fit with a Naka-Rushton function, which was then used to find the 75% correct detection threshold ( Figure 4A ). Thresholds for detecting motion direction were significantly lower on days when the monkeys received sonication ( Figure 4B ).
Logistic regression results are shown in Table 3 . Logistic regression analysis of decision accuracy. Explanatory variables were subject, motion coherence (coh), offered reward (rew), sonication (sono), and haloperidol (drug). Coherence, reward, sonication and haloperidol were nested within subject. Dependent variable was outcome (correct, incorrect). * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 Response times on choice trials showed a large effect of motion strength (Table 2 and Figure 5a ), as found in previous studies (Roitman and Shadlen, 2002) . Offered reward size had a significant effect on response time; monkeys were slower to respond when there was a larger reward at stake. This was in contrast to their behavior on single-target trials where large rewards were associated with faster response times. The results suggest that larger rewards induced the monkeys to spend more time accumulating evidence to make more accurate decisions. This is consistent with a speed-accuracy trade-off that can be accounted for by a criterion shift in sequential sampling models of decision-making (Wald, 1945 ). As indicated in Table 2 , the main effects of coherence and reward size on response time were highly significant. The main effect of sonication, while significant, was smaller due to a significant interaction of sonication with reward size. On small reward trials, sonication was associated with longer response times and higher accuracy. On large reward trials, sonication also improved accuracy, but reduced response times. Averaging over all conditions, the overall effect of sonication was to shorten choice response times for the contralateral hand (mean 882 ms, n=8143) compared the ipsilateral hand Haloperidol, in the absence of sonication, had significant effects on accuracy and response time compared to saline controls. For cue touches, haloperidol reduced touch error and increased response time slightly (Table 1 . Error reduction: 4.2 pixels or 1.3 mm, response time increase: 6.9 ms.).
Haloperidol had no significant effect on response times to single targets ( Table 2 .) For choice trials, haloperidol reduced both response time (Table 2 ) and decision accuracy (Table 3) significantly. The effects of haloperidol were thus opposite to those of reward size where larger rewards were associated with longer RT and higher accuracy, suggesting that the drug reduced motivation, consistent with the action of a D2 dopamine antagonist (Acquas et al 1989) . Figure 6A shows decision accuracy separated by hand, reward size and coherence level (32 conditions). The haloperidol-associated reduction in accuracy was greater for sessions with sonication (red) than for those without (blue), but the difference was not significant (t-test, paired by condition, p=0.061, n=32). Figure 6B shows the distributions of the difference (haloperidol-saline) in decision accuracy for sonication (red) vs. no sonication (blue) sessions. For response time, the interaction of sonication with drug was significant according to ANOVA (Table 2 ). Haloperidol reduced response time for both one-and two-target trials, but the reduction was smaller for sonication sessions. Figure 6C shows the effect of haloperidol compared to saline with and without sonication (data are segregated by hand, reward size, coherence level and number of targets, paired t-test p= 0.008, n=64 conditions). The distribution of the response time differences (haloperidolsaline) is plotted in figure 6D (data for both one-and two-target trials are included.)
Discussion
We Recently, our group applied the FUS BBB opening procedure to awake, behaving monkeys performing a reaching task with variable reward magnitude . That study found a slight increase in response time as well as a significant improvement in the accuracy of reaching to visual 
Conclusion
In conclusion, opening the BBB via FUS with microbubbles can have a significant effect on the behavioral responses of monkeys 3-4 hours after the end of the sonication. The BBB opening also facilitated the delivery of a low dose of haloperidol demonstrating that therapeutic doses of a drug can be Focused ultrasound enhances sensorimotor decision-making in monkeys 25 reduced to mitigate the potential side-effects after opening the BBB at the target region for therapy.
Overall, our results demonstrate the potential for FUS to enhance cognitive function.
